INTRODUCTION
Corneal infections can be caused by a myriad of pathogens including bacteria, fungi, parasites, and viruses. The initial process, in most cases, is the adherence and penetration of the infectious agent through the corneal epithelium. This results in an inflammatory cascade that produces inflammatory cells and cytokines such as interleukins and matrix metalloproteinases. Although these have antimicrobial functions, they also degrade the corneal structural proteins and result in ulceration of the corneal stroma [1] . Progression of this process can result in perforation of the cornea and extension of the infection into the eye with a high probability of loss of vision or the eye (Fig. 1) . Therefore, infectious keratitis needs rapid and aggressive treatment to maintain the integrity of the eye.
The mainstay of treatment of infectious keratitis is frequent topical application of antimicrobial agents. Although usually effective in eliminating the infectious agent, the incidence of resistance of infectious agents to antibiotics and antivirals is increasing [2, 3] . In conditions such as fungal and Acanthamoeba infections, topical medications are not very effective and mixed bacterial and fungal infections probably have the worst outcomes of all [4 && ]. Another problem is the fact that antimicrobial agents, and the preservatives in the topical medications, are toxic and can prevent corneal healing [5 & ]. Finally, despite eliminating the infectious agent, the inflammatory cells and cytokines that have been recruited to the eye continue to cause progressive corneal damage. Thus, corneal infections may require surgical management along with medical management to either control a resistant infection, or to manage the complications of the infection or its treatment.
Surgical management consists of three basic modalities: first, methods to maintain structural integrity temporarily to allow the underlying tissue to heal such as corneal gluing; second, methods to scaffold the tissue breach with tissues that have anti-inflammatory, anti-infectious, or growth factors to enhance healing such as amniotic membrane and conjunctival flaps; and third, replacement of infected tissue by performing penetrating or lamellar keratoplasty.
TEXT OF REVIEW
Surgical intervention may be needed in up to 30-40% of infectious keratitis depending on the cause and severity of infections at presentation [6 & ]. Studies have shown that while bacterial and Acanthamoeba infections can be frequently controlled with medical management, fungal infections may require surgical management in 25-50% of cases [7 & ,8] . This is becoming even more significant as the relative incidence of bacterial keratitis referred to tertiary institutions appears to be decreasing whereas that of fungal keratitis appears to be increasing [9 & , 10, 11] . The indications for surgical intervention in corneal infections include worsening or nonresponding infection despite treatment with antimicrobials, progressive thinning, descemetocele, and perforation of the cornea. The goal of surgical intervention is to maintain globe integrity and infection resolution; improvement in vision is of secondary concern. The major surgical interventions include corneal gluing, amniotic membrane transplantation (AMT), conjunctival grafts, and corneal transplantation.
CORNEAL GLUING
The concept behind glue application is to re-establish corneal and globe integrity in cases of infectious keratitis with significant ulceration resulting in perforations or descemetoceles. This may be a temporary measure to allow time for corneal transplant tissue to be procured and a therapeutic graft to be performed. However, in some cases, especially peripheral ulcers, the glue may be left in place for prolonged periods allowing corneal tissue to heal beneath the adhesive until the glue is passively extruded [12] . In addition to providing structural support, inhibition of inflammation is also achieved. The mechanism for this is believed to be due to the impediment of polymorphonuclear leukocytes thereby preventing their collagenolytic and proteolytic effects on the corneal stromal [13] .
Two primary forms of tissue adhesives have been used -the biologic derivative, fibrin glue, and the synthetic tissue adhesives that are derivatives of cyanoacrylate. Fibrin glue has more frequently been utilized during ocular surgery for wound closures and has little utility in the management of corneal ulcers other than securing amniotic membrane if that treatment modality is used [14] . The synthetic glues are primarily used in cases of severe corneal ulcerations and perforations. Chen et al.
[15] demonstrated a higher bacteriostatic effect of cyanoacrylates over fibrin glue as well as superior ability to seal corneal wounds. This is the main reason for their preference in using it to treat the sequelae of infectious keratitis.
It is recommended that the use of tissue glue be reserved for perforations less than 3 mm in diameter. Larger defects may be treated with glue, but an increased risk of toxicity from glue entering the anterior chamber or difficulty sealing the wound may be experienced. Different techniques have been described when utilizing cyanoacrylate glue to manage corneal ulcerations and perforations. The size of
KEY POINTS
Success rates of surgical therapies are best for bacterial corneal infections and worst for fungal infections.
Unresponsive corneal infections, impending perforations, and perforations are the usual indications for surgical intervention.
Definitive therapy of peripheral corneal ulcers may include corneal gluing, multilayer amniotic membranes, conjunctival flaps, and corneal transplants.
Central corneal ulcers usually require corneal transplantation for definitive therapy although any of the other modalities may be used as a temporizing measure. the perforation, as well as physician preference usually determines which technique is favored. Vote and Elder [13] described the use of cyanoacrylate glue and sterile drape material to achieve good wound closure. Briefly, a section of sterile drape slightly larger than the corneal defect is cut. Glue is applied to one side of the drape material, which is then pressed onto the perforation and allowed to dry (Fig. 2) . This technique provides a smooth surface and may be a superior technique for larger perforations because multiple overlapping patches may be used. Alternatively, cyanoacrylate glue may be applied to the defect directly and allowed to air dry. Both techniques require 1-2 mm of epithelial debridement around the perforation. Care should be taken to dry the defect before application of glue. This sometimes requires the anterior chamber to be filled with air to prevent egress of aqueous while applying the glue. A soft bandage contact lens is then placed over the glue or patch for patient comfort and to prevent the glue from dislodging.
In addition to the treatment of bacterial ulcerations, Moorthy et al. [16] demonstrated that n-butyl cyanoacrylate glue may be a temporary method of stabilization for perforations less than 1.5 mm related to herpetic keratitis. A little over one-third of their patients healed with glue application alone and slightly more than half went on to have a subsequent therapeutic keratoplasty. Furthermore, Garg et al. [17] were able to show that cyanoacrylate can also be useful when treating fungal keratitis. 42 of 66 eyes treated with glue led to resolution of keratomycosis with subsequent scar formation. In several eyes (38%), multiple glue applications were required. 24% of the eyes showed progressive worsening or lack of improvement and eight required penetrating keratoplasty (PKP). Eyes with smaller fungal infiltrates showed better outcomes.
These studies confirm that the application of tissue adhesives, in particular cyanoacrylates, is a useful modality in the treatment of infectious corneal ulcerations. Although not always curative, tissue adhesives may help to maintain structural integrity of the globe until a more definitive procedure can be performed.
AMNIOTIC MEMBRANE TRANSPLANTATION
Human amniotic membrane is derived from fetal membranes and is composed of three layers -a single epithelial layer (which is removed during processing), a basement membrane, and a stromal layer. Transplantation of amniotic membrane in the setting of infectious corneal ulceration promotes epithelial wound healing, decreases inflammation, and promotes antiscarring and antiangiogenic effects on the ocular surface [18] . The mechanism by which amniotic membrane confers its clinical effects is inferred from the biological composition of the membrane as summarized by Tseng and Dua [18, 19] . Cytokines and proteins such as tissue inhibitor of metalloproteinases (TIMP) and interleukin-1 receptor antagonist suppress proinflammatory cytokines. The stroma may also act as a sink for polymorphonuclear inflammatory cells and lymphocytes, which are then cleared by induced apoptosis. The presence of assorted growth factors along with structural components like collagen types IV, V and VII, laminin, and fibronectin help facilitate the migration, adhesion, and differentiation of host epithelial cells. This combination of decreased inflammation and accelerated wound healing may play an important part in the decreased scarring seen with the use of AMT in infectious keratitis. The use of human amniotic membrane to treat conjunctival defects was first proposed by de Rötth [20] in 1940 and later by Lee and Tseng [21] to treat corneal epithelial defects with corneal ulcers in 1997. Since then, ophthalmic literature has described many different techniques of applying human amniotic membranes in the treatment of corneal disease. Most of these techniques require filling the stromal defect with several layers of amniotic membrane epithelial (basement membrane) side up, taking care not to overlap the edges of the defect. This allows epithelialization of the area over the membranes. A much larger 'overlay' membrane may then be secured either epithelial or stromal side up with interrupted 10-0 Nylon sutures to provide mechanical protection for the ocular surface (Fig. 3) .
The technique described by Berguiga et al. [22] involved the use of a sutured AMT first and then sliding additional membranes beneath the overlay to fill the stromal defect.
Kruse et al. [23] showed excellent results with multilayer AMT for deep corneal ulcers with 9 of 11 patients showing re-epithelialization with stability of stromal thickness. Similarly, Berguiga et al. [22] demonstrated a long-term benefit with 10 of 11 patients treated with multilayer AMT for deep ulcers and descemetoceles as well as nontraumatic perforations showing resolution that persisted for an average of 32 months. More recently, Mohan et al. [24] showed an 82.1% success rate of ulcer healing with multilayered AMT at 1 month and 75% after 6 months using an 'overlay on-inlay' technique. Most recently, however, a large study by Uhlig et al. [25 & ] of 108 patients with corneal ulcers showed a much lower success rate of approximately 50% whether an overlay or multilayer approach was used.
The use of a single-layered AMT may be sufficient for the treatment of corneal ulcerations lacking depth and significant stromal thinning. This includes the use of sutured membrane as well as self-retaining varieties. A small case series by Sheha et al. [26] evaluated the efficacy of early self-retaining AMT using Prokera (Biotissue, Inc., Miami, Florida, USA) in the management of severe bacterial ulceration. They observed decreased pain and inflammation in all cases in addition to healing of the epithelium and improvement in visual acuity.
Structural integration of multilayer AMT was evaluated by Nubile et al. [27] using anterior segment optical coherence tomography (AS-OCT) and confocal microscopy. A significant postoperative increase in corneal thickness was noted on AS-OCT in 20 of 22 eyes with confocal evidence of stroma-derived cells populating the transplanted amniotic membrane inlay. Persistence of amniotic tissue was noted throughout the follow-up period of 12 months. These findings are significant in that they demonstrate true assimilation of amniotic membrane tissue with healing corneal stroma.
Nearly all patients throughout each study showed some degree of improvement with decreased inflammation, pain, and improved corneal healing. Among these studies, complete healing without recurrence ranged from 48 to 91%. Long-term prognosis of these eyes was highly dependent on the severity of the initial disease as well as achieving appropriate control of the underlying pathological process.
PEDICLE CONJUNCTIVAL GRAFT
Using conjunctival tissue to heal chronic corneal ulceration was popularized by Gundersen [28] in 1958 but his sentinel paper references their first application by Scholer in 1877 for corneal disease. He described both sliding and pedunculated grafts to treat a diverse variety of corneal disease, including ulcers [29] . Conjunctival flaps are not commonly used currently but have significant benefits, especially in the treatment of peripheral infectious keratitis. They provide vascularized tissue to the infected area to supply humoral and cellular immunity while providing serum growth factors to enhance healing. They also act as a biological bandage reducing pain and stromal necrosis.
Either total or partial flaps may be performed depending on the extent of the corneal disease [30] . In either case, the corneal area to be transplanted is de-epithelialized. A peritomy is performed and the conjunctiva without Tenon's capsule is mobilized over the cornea. It is sutured into place using nonabsorbable sutures, which are subsequently 
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removed. Debulking of the necrotic and infected corneal tissue may be performed prior to suturing the graft to decrease the infectious load for faster healing. Sun et al. [31] reported 100% success in treating fungal ulcers using this technique with minimal complications. Another modification of the basic technique is the creation of a superior forniceal conjunctival advancement pedicle (SFCAP). In this technique, a thicker flap is used and Tenon's capsule and a prominent blood vessel are included in the flap. The flap is then sutured to the edges of the corneal ulcer. Unlike the thin 'Gundersen' flaps that cannot be used in perforated eyes, this technique was successfully employed by Sandinha et al. [32] in 20 ulcers that were either perforated or impending perforation.
A large, prospective, randomized study by Abdulhalim et al. [33 && ] compared the outcomes of bipedicle conjunctival flaps to AMT in nonviral infectious keratitis (bacterial, fungal, and Acanthamoeba) that was resistant to medical therapy. They had a success rate of 90% in each group with no significant differences between the two modalities. The two failures in each group were related to existing perforated ulcers or descemetocele at the time of surgery. Zhou et al. [34] had similar results in 56 eyes with refractory corneal ulcers. The major complications were flap retraction and four patients needing lamellar keratoplasty as a result of recurrent fungal ulcers under the flap.
CORNEAL TRANSPLANTATION
A global survey of eye banking revealed that 20% of all corneal transplants done worldwide are for infectious keratitis, and that the primary indication for transplantation in 24% of countries is infectious keratitis [35 && ]. As more potent antibacterial agents are increasingly available, the incidence of transplantation to control bacterial infections is decreasing. However, this is not true for fungal infections in which a large percentage of ulcers still require surgical management [7 & ]. Corneal transplantation works by completely removing the infected corneal tissue as in most cases of bacterial keratitis. However, in cases of fungal or Acanthamoeba infections, it may not be possible to completely eliminate the entire infected area. Transplantation in these conditions is therefore used to debulk the infection and allow the antimicrobials to eradicate the rest [36] .
Various types of corneal transplantation have been used as therapeutic modalities to control infections. PKP is the most common procedure done for infectious keratitis [37] . The goal of the surgery is to remove all the infected corneal tissue and replace it with healthy cornea. The surgery is very successful in eradicating bacterial keratitis with cure rates of over 90% reported in the literature [38
However, the success rate diminishes significantly in fungal ulcers. Xie and colleagues had excellent results in their study in which they performed therapeutic PKP on 108 patients with fungal keratitis. They had a recurrence rate of 7.4% and four of these eyes had to be enucleated because of endophthalmitis. However, these results have not been replicated by others. A large study of 180 cases of therapeutic PKP in Nepal showed a recurrence rate of infection in 26% of cases of fungal keratitis whereas the recurrence rate was only 6% in bacterial infections [39 && ]. An even larger study of 506 eyes from Northern India by Sharma et al. [40] found that the highest anatomic success rate was for bacterial keratitis at 94%, followed by fungal keratitis at 89% whereas mixed bacterial and fungal organisms had a success rate of only 71%. Unfortunately, the visual acuity results were poor with only 15% of patients with vision greater than 6/60 at the end of a year. These results were slightly better at 20% if the graft was less than 9 mm and only 5% if the graft was less than 11 mm. Ramamurthy et al. [41 & ] retrospectively evaluated the outcomes of repeat keratoplasty (PKP or endothelial grafts) for visual rehabilitation of failed therapeutic transplants in 112 eyes who had undergone the initial transplant for infectious keratitis. They found that there were significantly more clear grafts after PKP than endothelial at 1 year as well as 5 years although the PKP grafts had a higher incidence of rejection. Nearly 50% of each group had vision 20/40 at 1 year. This confirms the fact that eradication of the infection is the goal of the initial therapeutic keratoplasty and that visual rehabilitation is possible with subsequent surgery.
Although full thickness corneal transplants still remain the gold standard, anterior lamellar keratoplasty (ALK) is increasingly being used to treat infections that are relatively superficial [ 
CONCLUSION
Infectious keratitis is a challenging condition requiring ophthalmologists to use an armamentarium of therapies to successfully manage the infectious process and maintain structural integrity of the eye. In a number of cases, surgical intervention is needed to control the infection or its sequelae. Although bacterial keratitis typically has good outcomes with surgery, fungal infections have a much more guarded prognosis and polymicrobial infections have an exceptionally poor prognosis. The treatment of choice would depend on the size, location, and cause of the infection. In small, peripheral ulcers, gluing can be a definitive therapy. Healing of the cornea occurs as fibrovascular tissue grows under the glue and dislodges the glue. Larger ulcers may require a plastic drape patch glued to the edges of the ulcerated area to maintain globe integrity. In central corneal ulcers, glue can be used as a temporizing measure until a more definitive therapy can be performed. Similar to glue, AMT can provide structural support in areas of corneal ulceration; it differs from tissue adhesives in that it becomes incorporated in the corneal stroma. Additionally, AMT provides anti-inflammatory and healing factors that may hasten epithelialization and reduce scarring. Another option for peripheral ulcers is a conjunctival pedicle or sliding graft. This allows the body's immune system to clear the infectious process whereas the serum growth factors help the cornea heal. Finally, larger, peripheral ulcers may require a corneal patch graft. Numerous types of grafts can be performed including crescent and horseshoe shapes but these are technically more challenging.
Central and larger corneal infections require either central penetrating or lamellar transplants. PKP has higher success rates in terms of infection control and clarity of vision. However, lamellar grafts have lower intra-operative and postoperative complications. Eliminating the entire infected area theoretically results in a higher success rate.
In summary, infectious keratitis often needs surgical intervention to control the infection and maintain structural integrity. The type of surgical intervention performed depends on the location, size, and cause of the infection and must be adapted to the individual patient's needs. Although no novel techniques have been developed recently, incremental improvements in the existing surgical modalities have made surgical intervention of infectious keratitis safer and more effective. e1905. This study concludes that hospitalized patients who developed microbial keratitis were most likely due to contact lens wear, followed by ocular and systemic disease, and trauma. Pseudomonas was the most commonly isolated organism. 
